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Variations in thickness of the GaN caps above single InGaN quantum wells have been studied using
photoluminescence spectroscopy. Data are presented from two series of samples designed to
promote energy transfer to luminescent species on the surface. Improvements in the optical
properties as the GaN cap thickness increases from 2.5 to 15 nm are accompanied by clear changes
in the intensity of the LO-phonon satellites. Analysis of the strength of successive phonon satellites
and the associated Huang-Rhys factors indicates that the amount of localization of the excitons is
increased for the thinner cap samples. Surface depletion fields are also considered. © 2006
American Institute of Physics. DOI: 10.1063/1.2345246
InGaN/GaN quantum wells have attracted much atten-
tion because of their demonstrated performance in high
brightness UV-visible light emitting diodes and laser diodes.1
The dependence of the optical properties on characteristics of
the wells, such as their number, width, and InN fraction, has
been widely investigated. Strong interest has also developed
in the transfer of excitations from InGaN quantum wells into
other luminescent media. Previous work specifically relevant
to the current investigation involves nonradiative energy
transfer from near-surface InGaN quantum wells to either
colloidal semiconductor quantum dots2 or light emitting
polymers.3 In this letter, we describe the study of the optical
properties of near-surface InGaN single quantum wells
SQWs as a function of the thickness of the thin GaN caps
and of the surface depletion field. The intensity and full
width at half maximum FWHM of the photoluminescence
PL are studied as a function of GaN cap thickness from
2.5 to 15 nm, for sample sets with two different PL peak
wavelengths designed to match the absorption bands in two
different organics.
The appearance of LO-phonon sidebands PSBs to the
low energy side of the main PL peak zero-phonon line
ZPL results from the coupling of excitons to phonons and
their relative strength can be expressed in terms of Huang-
Rhys S factors.4–6 For InGaN/GaN heterostructures there
are two important factors that influence the LO-PSBs,
namely, the degree of exciton localization and the spatial
separation of the electron and hole wave functions, enhanced
by the intense inbuilt electric fields. Their relative contribu-
tions are hard to separate but the SQW samples with varying
cap thickness are shown to provide some details.
The form of LO-PSBs in the PL spectra of InGaN/GaN
quantum wells with variations in InN fraction, PL peak en-
ergy, and number of wells were described in Ref. 7. The
Huang-Rhys factors were shown to decrease linearly with PL
peak energy. At the same time the difference between the S
factor for transitions involving the ZPL and those for higher
satellites was shown to decrease. These observations were
related to increasing localization with InN content in the
wells. The temperature dependence of these differences be-
tween successive S factors for an InGaN/GaN multiple
quantum well has also been discussed in terms of exciton
localization.8 Modeling of the PSBs in InGaN QW and quan-
tum dots of different dimensions led to discussions of the
offsets between the electron and hole wave functions.9,10
Later work fitted the PSBs in a series of InGaN/GaN QWs
to a single S factor and used theoretical modeling in combi-
nation with TEM observation to argue that well-width fluc-
tuations were the primary source of exciton localization on a
length scale of approximately 2 nm.11
This letter describes the study of two series of
InGaN/GaN SQW samples grown by metal organic chemi-
cal vapor deposition on c-plane sapphire substrates. Single
InGaN quantum wells, nominally 2.5 nm thick, were depos-
ited on standard nonintentionally doped nid GaN buffer
layers. Two series of SQWs with peak emission wavelengths
near 390 and 415 nm were deposited at set point tempera-
tures of 860 and 825 °C, respectively. Finally nid GaN cap
layers, with thicknesses of 2.5, 4, and 15 nm, were grown at
the same temperature as the InGaN QWs. The QW growth
periods were 90 s and the longest cap growth period was
540 s. In order to evaluate the effects of surface depletion
fields a structure with a 2.5 nm Si-doped GaN cap n5
1018 cm−3 was grown for comparison with an otherwise
equivalent undoped structure. SQW structures were advanta-
geous in this study since their PL peaks are not broadened by
interwell variations.
PL spectra were excited using 325 nm light from a low-
power HeCd laser and detected using a cooled charge-
coupled device spectrograph. The samples were cooled to
25 K using a closed cycle helium refrigerator. The spectra
were not visibly influenced by interference fringes,12 prob-
ably due to the tilt of the samples in combination with the
polarizing effects of the diffraction grating.11
Figure 1 shows a representative PL spectrum measured
from the “390 nm” series InGaN SQW with a cap thickness
of 2.5 nm. The integrated intensity, peak emission energy,
and FWHM of the ZPL and its phonon satellites are esti-
mated using multi-Gaussian peak fitting following subtrac-aElectronic mail: r.w.martin@strath.ac.uk
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tion of a linear background, as illustrated in the figure. The
phonon satellites are constrained to have the same FWHM as
the ZPL. For each sample the energy separation of succes-
sive phonon satellites remains constant at 90 meV, the LO-
phonon energy of GaN, as observed previously.7–11 The in-
tensity, peak energy, and FWHM of the ZPL for all samples
are plotted against the thickness of the GaN cap in Fig. 2.
Similar trends are seen for both series. The PL intensity in-
creases by almost two times as the cap thickness increases
from 2.5 to 15 nm. No significant change in peak emission
energy is observed as the cap thickness is varied. Larger
values of FWHM are seen for the thinner cap 2.5 and 4 nm
samples compared to those with a 15 nm cap, with a more
pronounced decrease for the shorter wavelength series. The
PL is thus seen to be degraded for the thinner cap samples, as
evidenced by the decrease in PL intensity accompanied by an
increase in FWHM. The absence of significant change in the
peak emission energy Fig. 2b suggests that the electric
field is not changing.
Figure 3a shows the ratio of the intensity of the ZPL to
that of the first phonon satellite 1LO for samples with thick
cap layers 10 nm, including data from the literature.7,9,11
This ratio increases with increasing peak energy of the ZPL.
The new samples fit the trend and, in fact, extend the plot to
higher values, in excess of 19 for an emission energy of
3.2 eV.
The strength of the exciton-phonon coupling is charac-
terized by the Huang-Rhys Sn factors, given by the inten-
sity ratio for successive phonon satellites,4–11
Sn = n + 1
In+1
In

,
where In is the integrated intensity of the nth phonon satel-
lites and 1LO/0LO will be referred to as S0, 22LO/1LO as
S1, etc. S0 shows a linear dependence on emission energy
Fig. 3b while the values of S1 have a higher degree of
scatter but are larger than S0. Only strongly localized exci-
tons contribute to the intensity of the phonon satellites
whereas all excitons can contribute to the zero-phonon
line.4–8 Comparison of the magnitudes of S1 and S0 can thus
lead to an estimate of the fraction of the more strongly lo-
calized excitons.
For the present samples the form of the LO-PSBs can be
analyzed as a function of GaN cap thickness. Clear variations
are observed, as shown in Fig. 4, with similar behavior in
both series of samples. The intensity ratio of the first satellite
and the ZPL given by S0 decreases as the cap thickness
increases. At the same time S1 shows an insignificant change,
FIG. 1. Low temperature T25 K PL spectrum of the 2.5 nm thick cap
InGaN/GaN SQW from the “390 nm” series. The lines show the multi-
Gaussian peak fitting and linear background subtraction.
FIG. 2. a Integrated intensity, b peak emission energy, and c FWHM of
the ZPL peak for the two series of InGaN/GaN SQW as a function of GaN
cap thickness.
FIG. 3. a Ratio of the intensity of the ZPL to that of the first phonon
satellite for thick cap samples. b Huang-Rhys factors, S0 open symbols,
and S1 closed symbols as a function of ZPL peak emission energy.
The solid triangles are from Ref. 7 and the open diamonds are all the data
from a.
FIG. 4. Huang-Rhys parameters S0 and S1 as a function of GaN cap
thickness.
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remaining at all times larger than S0. Thus the thinner cap
2.5 and 4 nm samples have smaller values for S1 /S0 than
those with thicker 15 nm caps.
A factor that needs to be considered here is the change in
density of excess carriers excited within the wells. The lit-
erature value13 for the GaN absorption coefficient 1.2
107 m−1 at 3.8 eV indicates that the rate of generation of
excess carriers in the well decreases by less than a factor of
1.2 when the depth increases from 2.5 to 15 nm. Further-
more the carrier density within the wells will be determined
mainly by diffusion within the GaN below the well. There is
some scatter in published values of the minority carrier dif-
fusion lengths for n-GaN but all values are considerably
greater than our cap thicknesses e.g., 200 nm in Ref. 14
and as a result the number of carriers reaching the wells will
not vary strongly with the cap thickness. Movement of car-
riers to the surface would be an issue but reports of work on
surface quantum wells point to very low values for the sur-
face recombination velocity for GaN.15,16 It is thought un-
likely that significant alterations to the SQWs occurred dur-
ing cap layer growth, in view of the use of identical growth
temperature for the SQW and cap and the similar time scales
for the two growth steps.
Another important factor to consider is the variation in
surface depletion field for the different wells, as reported for
InGaN multiquantum wells.17 PL spectra from our SQW
samples with nid n51016 cm−3 and Si-doped n5
1018 cm−3 caps show virtually no change in peak emis-
sion energy although the doping has resulted in some peak
broadening, as expected. The maximum strength and the
width of the surface depletion fields are estimated as
0.17 MV/cm 1.7 MV/cm and 200 nm 20 nm for the nid
Si-doped layers. In the nid samples these fields are much
smaller than the internal fields 1 MV/cm and it is not
surprising that variations in them have no significant effect.
This is further evidenced by the absence of change in the PL
peak energy resulting from the large increase in surface
depletion field resulting from doping of the cap. Thus we
relate the degradation of PL as the cap thickness is reduced
to increasing detrimental effects of the surface e.g., wave-
function distortion, surface losses, etc..
The changes in the strength of InGaN QW LO-phonon
satellites, manifested by variations in the Huang-Rhys fac-
tors, can be related to changes in the localization of the ex-
citons and/or the effects of the intense internal electric fields.
For these samples Fig. 2 shows that the PL peak emission
energies do not change with GaN cap thickness, indicating
that the electric field is not changing. Hence, the variations in
the Huang-Rhys factors are thought to be dominated by ad-
ditional localization of the excitons. Similar behavior has
been observed for thick AlGaN epilayers where the intensity
of the LO satellite relative to that of the ZPL increases with
AlN content up to Al0.7Ga0.3N.18 Macroscopic electric fields
are known to be very small in these samples and the increas-
ing strength of the phonon replicas is most likely related to
increasing alloy disorder induced localization.
The increase of S0 and reduction of S1 /S0 for the thinner
cap samples both point to a greater amount of localization
for the excitons in these samples. The cause of this could be
surface roughness or defects, which would go some way to
explain the overall degradation of PL described earlier.
Atomic force and scanning electron microscopies of the sur-
face reveal nanometer scale pits, whose density increases
from 2.4 to 3.3109 cm−2 as the cap thickness decreases
from 15 to 2.5 nm. At the same time the pit diameter is ob-
served to increase, as expected for the opening out of V pits
or similar features. Following the approach of Ref. 6 we can
estimate that the fraction of strongly localized excitons in-
creases from 16% 23% to 21% 29% for the 415 nm
390 nm series samples as the cap thickness decreases from
15 to 2.5 nm.
In summary, low temperature photoluminescence spectra
from two series of InGaN/GaN single quantum well struc-
tures have been studied as a function of GaN cap thickness
ranging from 2.5 to 15 nm. The structures with thinner
caps are found to give reduced PL intensity and larger PL
linewidths indicating degradation due to the increasing ef-
fects of surface. The relative strength of the LO-phonon sat-
ellites is found to have a clear dependence on the cap thick-
ness. Analysis of the Huang-Rhys factors and peak energies
suggests that the amount of localization excitons increases as
the cap thickness is reduced.
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